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ABSTRACT
We present the first results from a new, high resolution, 12CO(1-0), 13CO(1-0), and C18O(1-0)
molecular line survey of the Orion A cloud, hereafter referred to as the CARMA-NRO Orion Survey.
CARMA observations have been combined with single-dish data from the Nobeyama 45m telescope
to provide extended images at about 0.01 pc resolution, with a dynamic range of approximately 1200
in spatial scale. Here we describe the practical details of the data combination in uv space, including
flux scale matching, the conversion of single dish data to visibilities, and joint deconvolution of
single dish and interferometric data. A ∆-variance analysis indicates that no artifacts are caused by
combining data from the two instruments. Initial analysis of the data cubes, including moment maps,
average spectra, channel maps, position-velocity diagrams, excitation temperature, column density,
and line ratio maps provides evidence of complex and interesting structures such as filaments, bipolar
outflows, shells, bubbles, and photo-eroded pillars. The implications for star formation processes are
profound and follow-up scientific studies by the CARMA-NRO Orion team are now underway. We
plan to make all the data products described here generally accessible; some are already available at
[https://dataverse.harvard.edu/dataverse/CARMA-NRO-Orion].
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1. INTRODUCTION
Star formation (SF) in the Milky Way takes
place in giant molecular clouds (GMCs) that
can contain 105 M of gas. As described in a
recent review by Heyer & Dame (2015), a com-
plete understanding of the properties of these
clouds and their overall role in star formation
has been a major goal for over 50 years. Never-
theless, many questions remain. A key issue is
rooted in the high spatial dynamic range of star
formation processes, where the span of physical
scales runs from ∼ 10 pc for GMCs to ∼ AU for
proto-stars. This dramatic contrast, a factor of
∼ 106, demands high dynamic range observa-
tions. By combining molecular line interferom-
eter and single-dish observations it is now pos-
sible to map extended areas of molecular clouds
and simultaneously probe small-scale SF sce-
narios within the larger-scale structures of the
GMC gas. The resulting high dynamic range
images can provide the comprehensive picture
of star formation in nearby GMCs that is criti-
cal to improving our understanding of the many
processes involved in the formation of stars.
Topics that can be more fully addressed include
the roles of turbulence and magnetic fields in
SF, the overall efficiency of the SF process and
the effects of feedback mechanisms.
For example, it is well known that GMCs are
highly turbulent (e.g., Mac Low & Klessen 2004;
McKee & Ostriker 2007; Padoan et al. 2014;
Klessen & Glover 2016). A variety of expla-
nations for the observed filamentary structures
(Li et al. 2018) and velocity fields (Hennebelle
& Falgarone 2012), as well as signatures such
as the mass surface density Probability Distri-
bution Function (Σ-PDF, Federrath & Baner-
jee 2015) have been put forward, based on nu-
merical simulations (also see Federrath et al.
2010). Large-scale mapping of the molecular
gas enables studies of turbulence on all scales
and provides statistically meaningful results for
comparison with these simulations. Other sig-
natures, such as the effect of magnetic fields
on large-scale gas kinematics, may also be ex-
amined. Most importantly, the high dynamic
range images provide much-needed information
for GMCs with active SF across the whole mass
spectrum.
Likewise, large-scale molecular gas maps en-
compassing a variety of cloud environments
make it possible to study the formation and
evolution of young stars in detail, from the first
stages of dense core formation through the var-
ious proto-stellar phases. In fact, at any given
time only a few percent of the cloud mass is
of sufficiently high density to form stars (Ken-
nicutt & Evans 2012). Most of the mass re-
sides in low density quiescent areas (see, e.g.,
Krumholz & McKee 2005). Understanding how
the cloud material transitions from a low- to
high density state, and why such a small frac-
tion of the mass is confined to dense cores, is
critical to determining the physical processes
that control the star formation rate in molecu-
lar clouds. Numerical simulations suggest that
turbulence, magnetic fields, and feedback effects
can all cause inefficient SF (e.g., Nakamura & Li
2007; Burkhart et al. 2009; Collins et al. 2012;
Padoan et al. 2012; Krumholz et al. 2014; Fed-
errath 2015; Padoan et al. 2017; Cunningham
et al. 2018; Li et al. 2017). Detailed large-scale
images of various molecular tracers can com-
plement these simulations. In particular, CO
isotopologue maps can inform studies of feed-
back effects such as stellar winds (Arce et al.
2011; Li et al. 2015), outflows (Arce et al. 2010;
Ginsburg et al. 2011; Narayanan et al. 2012),
radiative heating (Goicoechea et al. 2015), and
supernova (Chen et al. 2017).
The Orion A cloud provides an ideal labo-
ratory to map an extended molecular cloud in
detail and address many of the scientific ques-
tions raised above. An active, star-forming re-
gion where both high- and low-mass young stel-
lar objects (YSOs) are observed, the Orion A
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cloud, encompasses a range of star-forming en-
vironments (Bally 2008). It is a huge mass reser-
voir (105 M; Bally 2008) displaying a range of
kinematic and dynamic characteristics, numer-
ous features of feedback effects including shocks,
jets, outflows, bubbles, and photon-dominated
regions (PDRs). Perhaps most importantly, at
a distance of about 400 pc it is the closest site of
massive star formation. As a result, high spatial
dynamic range imaging of the molecular gas in
Orion A will enable detailed comparison with
a wide variety of numerical simulations cover-
ing physics and chemistry, low-mass SF to high-
mass SF, and isolated and binary SF as well as
cluster formation.
Here we present the CARMA-NRO Orion
Survey, our large-scale, high dynamic-range
imaging program for CO isotopologues in the
Orion A cloud. To date there have been a
significant number of large scale surveys of the
Orion cloud at millimeter and far infrared wave-
lengths. These, and their corresponding spatial
resolutions, are listed in Table 1 for compari-
son purposes. Using the Combined Array for
Research in Millimeter Astronomy (CARMA),
we have mapped a 2 deg2 region of the cloud
in 12CO J=1-0, 13CO J=1-0, C18O J=1-0, CN
1-0,J=3/2-1/2, SO 2(3)-1(2), CS J=2-1, and 3
mm continuum emission. The results for mil-
limeter dust continuum and other molecular
species will be presented in a future paper. The
same region was mapped in 12CO J=1-0, 13CO
J=1-0, C18O J=1-0 using the Nobeyama Ra-
dio Observatory 45 m telescope (NRO45). Our
broad goal was to combine the CARMA and
NRO45 images and trace the gas kinematics on
scales from ∼ 16 pc down to about 0.01 pc,
corresponding to ∼ 2000 AU at our adopted
distance of 400 pc 1. The resulting images are
1 Recent estimates of the distance to the Orion Nebula
Cluster (ONC) lie between 414 pc (Menten et al. 2007)
and 388 pc (Kounkel et al. 2017).
the first molecular line maps of a GMC at such
large spatial dynamic range (∼ 1200) and with
a resolution that is sufficient to study even pro-
tostellar envelopes in detail.
Bally et al. (1987) mapped the Orion A cloud
in 13CO J=1-0 with the Bell Lab 7m telescope.
Their map, at the resolution of 97′′, covers
a larger region than our map, including the
integral-shaped filament and the entire L1641
cloud (i.e., from about DEC = -4◦to DEC =
-9◦). Ripple et al. (2013) mapped the Orion
A cloud in 12CO J=1-0 and 13CO J=1-0 with
the Five College Radio Astronomy Observatory
(FCRAO) 14m telescope, at the resolution of
46′′. These maps of Orion A have significantly
lower resolution (by a factor of 5 to 10) com-
pared to the maps presented here. Table 1 lists
these two and other selected large-scale maps
and surveys of the Orion A cloud observed at
different wavelengths.
2. OBSERVATIONS
2.1. CARMA
The CARMA 23-element millimeter wave-
length array comprised six 10-m diameter an-
tennas, nine 6-m antennas, and eight 3.5-m
antennas. For this survey, observations were
obtained with the 10-m and 6-m antennas in
the CARMA “D” and “E” configurations to
provide uv coverage encompassing 7-104m (2.5-
40kλ where λ = 2.6 mm at 115 GHz), corre-
sponding to angular scales of 5′′-70′′.
The region surveyed encompasses an area
of approximately 2 deg2 toward the Orion A
cloud, bounded by the OMC-3 in the north,
and L1641-C in the south. This was divided
into 181 subfields, each of 6′×6′ size. Each sub-
field was covered in 126 pointings observed with
a Nyquist sampling in an hexagonal grid, for a
total of 22,806 pointings over 650 hours. For
one pass through each subfield the integration
time was typically 15-20 seconds per pointing.
For each array configuration most subfields were
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Table 1. Selected Multi-wavelength Surveys in the Orion A cloud
Telescope/Survey Data Type Resolution Key Reference
Bell Lab 7m 13CO(1-0) 97′′ Bally et al. (1987)
JCMT 450µm, 850µm 7.5′′, 14′′ Johnstone & Bally (1999)
Harvard-CfA 1.2m 12CO(1-0) 8.′4 Wilson et al. (2005)
NRO 45m H13CO+(1-0) 21′′ Ikeda et al. (2007)
ASTE, NRO 45m 1.1 mm, 12CO(1-0) 36′′, 21′′ Shimajiri et al. (2011)
Spitzer/Spitzer Orion MIR 3-24µm 2-5′′ Megeath et al. (2012)
JCMT/GBS 13CO(3-2), C18O(3-2) 17′′ Buckle et al. (2012)
FCRAO 14m 12CO(1-0), 13CO(1-0) 46′′ Ripple et al. (2013)
Herschel/HOPS FIR 70-160µm 5-12′′ Fischer et al. (2013)
Herschel/HGBS FIR 70-500µm 10-37′′ Roy et al. (2013)
IRAM 30m 12CO(2-1), 13CO(2-1) 11′′ Berne´ et al. (2014)
Herschel-Planck dust NIR, FIR, mm 2′′-5′ Lombardi et al. (2014)
JCMT/GBS 450µm, 850µm 8′′, 13′′ Salji et al. (2015)
VISTA/VISION NIR 0.85-2.4µm 0.8′′ Meingast et al. (2016)
APO 2.5m/IN-SYNC NIR 1.5-1.6µm 1.6′′ Da Rio et al. (2016)
GBT/GAS NH3(1,1) (2,2) (3,3) 32
′′ Kirk et al. (2017)
JCMT/BISTRO 850µm polarization 14′′ Ward-Thompson et al. (2017)
CARMA+NRO 45m/CARMA-NRO Orion 12CO(1-0), 13CO(1-0), C18O(1-0) 8′′ this paper
Note—The surveys included cover at least the integral-shaped filament (Bally et al. 1987). In the first column, the survey
name, when it exists, is included to the right of the telescope used for the survey.
observed three times at hour angles spaced by
2 h to maximize the u, v coverage. Hour angle
coverage in the two configurations was shifted
by 1 h, such that most subfields were observed
6 times at 6 different hour angles.
Observations were carried out between 2013
and 2015 as a CARMA Key Project. The re-
ceiver was tuned to local oscillator (LO) fre-
quency of 109.41 GHz and the correlator was
configured to cover the 12CO J=1-0, 13CO J=1-
0, C18O J=1-0, CN 1-0,J=3/2-1/2, and SO 2(3)-
1(2) lines in the upper sideband (USB) and CS
J=2-1 in the lower side band (LSB). The corre-
lator windows for 12CO J=1-0 and CN used a
bandwidth of 31 MHz (81 km s−1) with spectral
resolution of 98 kHz (∼ 0.25 km s−1). The cor-
relator windows for the remaining spectral lines
had bandwidths of 8 MHz (∼ 21 km s−1) and
spectral resolution of 24 kHz (∼ 0.067 km s−1).
The correlator setup also included two 500 MHz
bandwidth windows centered at 110.8 GHz and
111.3 GHz in USB, with the image sideband
centered at 103.0 GHz and 102.5 GHz, for a
total of 2 GHz continuum bandwidth. In this
paper, only the 12CO J=1-0, 13CO J=1-0, and
C18O J=1-0 CARMA data are presented.
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Calibration of the bandpass for each spec-
tral window relied primarily on observations of
3C84, but the quasars 0423-013 and 0532+075
were also used. Uranus was the primary flux
calibrator. When it was not available, Mars or
observations of 3C84 calibrated from prior ob-
servations were used. Gain calibration relied on
observations of 0532+075 every ∼ 20 minutes.
The MIRIAD (Sault et al. 1995) task mossdi
was used to create maps from the CARMA ob-
servations (with a Briggs weighting of 0.5) with
an angular resolution of ∼ 7′′ and sensitivity of
0.62 Jy/beam in a 0.25 km s−1 channel for 12CO,
and 0.50 Jy/beam in a 0.10 km s−1 channel for
13CO and C18O.
2.2. NRO45
NRO45 mapping observations of the Orion A
cloud in the 12CO(1-0), 13CO(1-0), and C18O(1-
0) lines were made using two receivers: 1)
BEARS, a 25-beam receiver; and 2) FOREST, a
newer 4-beam dual polarization, sideband sep-
arating, SIS receiver (Minamidani et al. 2016).
The telescope beam size is ∼15′′ at 115 GHz and
the main beam efficiency ηMB is ∼27–43%.
BEARS observations of the Orion A cloud
in 12CO(1-0) were acquired between Decem-
ber 2007 and January 2009. The isotopologues
13CO(1-0) and C18O(1-0) were observed be-
tween May 2013 and January 2014. Some of
these data have already been published (Shi-
majiri et al. 2011; Nakamura et al. 2012; Shi-
majiri et al. 2014, 2015a). A combination of
25 sets of 1024 channel auto-correlators (one
for each receiver) with 32 MHz bandwidth pro-
vided frequency resolution of 31.25 kHz (Sorai
et al. 2000), corresponding to ∼0.1 km s−1 ve-
locity resolution at 115 GHz. Standard on-the-
fly (OTF) mapping techniques, with off-position
(RAJ2000, DECJ2000) = (5
h29m00.s0,−5◦25′30.′′0)
were used to produce images of the extended
cloud. To minimize any adverse effects due to
the process, separate OTF maps were obtained
by scanning in the RA and DEC directions.
Pointing accuracy was better than 3′′ through-
out the observations.
NRO45 mapping observations of the Orion
A cloud using the FOREST receiver were car-
ried out between December 2014 and Febru-
ary 2017. Until December 2016, the 12CO(1-
0), 13CO(1-0), C18O(1-0) molecular lines were
observed simultaneously. Thereafter, due to a
change in the receiver setting, only 13CO(1-0)
and C18O(1-0) were included.
The SAM45 spectrometer provided a band-
width of 63 MHz and frequency resolution of
15.26 kHz, corresponding to velocity resolution
∼0.04 km s−1. The line intensity scale was de-
rived from direct comparison with the 12CO(1-
0) and 13CO(1-0) Tmb maps obtained by the
BEARS receiver.
During the FOREST observations, we mapped
a small area of the OMC-2/FIR4 region (the
strongest dust continuum emission in the OMC-
2/3 region, Shimajiri et al. 2008, 2015a,b) two
or three times per day. We scaled the FOR-
EST (T ∗a ) to the BEARS (Tmb) by comparing
the FOREST intensity with the BEARS inten-
sity in the OMC-2/FIR 4 region. As for the
BEARS observations, the FOREST observa-
tions were obtained using the OTF mapping
technique (with the same reference position),
and the pointing accuracy was better than 3′′.
To produce the final NRO45 map we combined
the BEARS and FOREST observations. As a
convolution function, we adopted a spheroidal
function with a spatial grid size of 7′′.5, resulting
in the final effective angular resolution of ∼ 22′′.
As a check on the adopted intensity scale
for the NRO45 data, comparisons were made
with published maps of the Orion A cloud from
the FCRAO 14m telescope (Ripple et al. 2013)
and from the Bell Lab 7m telescope (Bally et al.
1987). We also compared the 13CO(1-0) NRO45
data with recent observations conducted with
the IRAM 30m telescope (projects 030-15 and
127-15, Sanchez-Monge, private communica-
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tion). To ensure a meaningful comparison, the
NRO45 image cube was convolved with a Gaus-
sian kernel using the MIRIAD convol com-
mand so that there was a good match between
the spatial and velocity resolutions of the other
data sets. We find that the NRO45 intensity
scale is about 15 to 25% higher than those in
the FCRAO and Bell Lab maps, and within
15% with respect to the IRAM 30m data. How-
ever, this level of discrepancy is not unusual
for single-dish observations due to calibration
uncertainties.
3. COMBINING NRO45 AND CARMA
DATA
Here, we provide the practical details of
how we combined the single-dish NRO45 and
CARMA interferometer observations in the uv
plane, following the procedure outlined in Koda
et al. (2011). The data included in the combi-
nation ranges from zero-spacing fluxes to mea-
surements on the maximum baselines provided
by CARMA. This is especially important for
regions with such high spatial dynamic range
as the Orion A cloud.
3.1. Relative Flux Scale
The first step in combining the NRO45 and
CARMA data is to establish the relative flux
scale factor, f ≡ FCARMA/FNRO45, between
the interferometer and single-dish maps. The
NRO45 telescope is treated as an interferometer
with baselines ranging from 0 to 45 m, corre-
sponding to uv distances of 0 to 17 kλ. For
reference, the complete CARMA dataset en-
compasses baselines from 3 to 40 kλ. The factor
f is determined by selecting visibilities in the
uv space where the two datasets overlap and
comparing the respective fluxes. In cases where
there are deviations from the canonical value of
f=1, the interferometer flux is adopted because
it is typically based on more frequent and more
reliable calibration observations (Koda et al.
2011; Plunkett et al. 2013).
In practical terms, we are modeling the
NRO45 image so that it appears to have been
observed by a subset of the CARMA base-
lines, i.e., the range of baselines included in
both maps. This requires some editing of each
data set so that only regions with significant
emission in both single-dish and interferometer
images are included. Since the NRO45 sensitiv-
ity on baselines longer than 6 kλ is relatively
low (see Figure 5 in Koda et al. 2011), the
CARMA dataset was limited to observations
from the 6m-antenna pairs with baselines be-
tween 3 and 6 kλ. The velocity channel compar-
isons were similarly constrained. CARMA dirty
images of these “sub-regions” were produced by
Fourier transforming the resulting visibilities
using MIRIAD.
For the NRO45 dataset, the intensity scale
was converted to Jy/beam using Equation 1
(where Ωmb = 1.133*FWHM
2 with FWHM in
radians)
Sν = Tmb
2kΩmb
λ2
. (1)
The resulting image was then regridded to
match the CARMA map in terms of pixel size
and channel width, as well as the total number
of pixels and channels. It was also deconvolved
using the original beam (∼ 22′′). This pro-
duced a fair representation of the NRO45 sky
brightness distribution to be modeled as if had
been observed with the same uv sampling as
the modified CARMA map. To achieve this,
the edited NRO45 image was broken down (de-
mosaic) to correspond to the different pointings
that produced the CARMA mosaic map of the
same area, using the MIRIAD task demos.
As part of this “de-mosaic” process the re-
sponse of a primary beam was included at each
of the pointings to compensate for the fact
that the MIRIAD task invert that is used
later to produce a dirty image from the visi-
bility data automatically corrects for the pri-
mary beam response (see Koda et al. 2011, for
details). Each pointing from the de-mosaic pro-
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cedure for NRO45 was modeled based on the
visibility distribution of the modified CARMA
map described above (using the MIRIAD task
uvmodel). The visibilities generated for each
pointing were then merged, and the combined
set was Fourier transformed to produce a dirty
image of the modified NRO45 dataset (using
invert). As a result, each dirty image is con-
structed from an identical set of baselines, se-
lected from the CARMA visibility data between
3 and 6 kλ, and has the same dirty beam size.
Ratios of intensities were determined for each
pixel in the modified CARMA and NRO45 dirty
maps with a signal-to-noise ratio greater than
20. Plots of the distribution of the ratio for dif-
ferent regions and channels show a consistent
Gaussian-like distribution with an average peak
value of about 1.6 to 1.8 for 12CO, and 1.5 to
1.6 for 13CO and C18O respectively. We note
that the C18O(1-0) ratio was derived from inte-
grated intensity maps since the emission is rela-
tively weak, especially when the baseline range
is constrained to 3-6 kλ. Adopted flux scale fac-
tors are 1.6 for 12CO(1-0) and 1.5 for 13CO(1-0)
and C18O(1-0), respectively. These values are
unexpected in that they are much higher than
the canonical value of f = 1. Consequently, we
have carefully re-examined the flux calibration
results and all the assumptions and procedures
used in deriving this factor.
A comparison of our CARMA intensities with
other millimeter-wave interferometer measure-
ments can help assure the accuracy of our data
calibration. For example, we considered the
12CO(1-0) and 13CO(1-0) CARMA data ob-
tained by Tobin et al. (2016) of a region in
Orion in the southern part of our map. Both
datasets were edited to ensure as much similar-
ity as possible between the baselines involved,
and bright emission structures were compared.
We found the measured intensities to be con-
sistent within the noise. A second comparison
used unpublished 12CO(1-0) observations from
the ALMA 7m dishes, the Atacama Compact
Array (ACA) (ALMA project 2016.1.01123.S,
A. Hacar, private communication). We modeled
the CARMA measurements to appear as if they
it were observed with the baseline configuration
of the ACA. Spectra and intensities in different
regions of the resulting CARMA cube are also
consistent with the ACA data. Finally, we used
the CASA (Common Astronomy Software Ap-
plications) data reduction package (McMullin
et al. 2007) to simulate ACA observations of
the NRO45 image and derived a similarly high
flux scale factor between NRO45 and the ALMA
data. A similar value of f also resulted when
conducting similar tests in MIRIAD with the
ACA data.
Tests of the various procedures involved in our
derivation of f were also carried out. In particu-
lar, we repeated the procedures described using
multiple regions and channels, and constraining
baselines to different uv ranges (e.g., 3-4 kλ, 4-5
kλ, 5-6 kλ, 3-5 kλ). We also introduced differ-
ent combinations of the 6m and 10m dishes (i.e.
different CARMA antenna pairs). In all cases,
similar values of the scale factor were obtained.
To ensure that the flux factor derivation is self-
consistent, we also compared the CARMA im-
age with “itself”. Specifically, we smoothed the
CARMA cleaned image to match the NRO45
resolution, and then used the same script to
compare the smoothed CARMA image with the
original image. The resulting flux “ratio” was
1, as expected. We were able to reproduce the
original NRO45 data to within 3% by imaging
the modeled NRO45 visibilities, confirming the
validity of the deconvolution procedures. Using
the immerge command in MIRIAD, we again
determined the flux scale factor and found val-
ues of ∼ 1.6 for 12CO in various sub-regions.
3.2. Combining the Matched Datasets
With the NRO45 and CARMA fluxes matched,
and the NRO45 observations treated as short
spacing measurements in the larger CARMA
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uv plane, combining the two datasets is already
more straightforward. The CARMA dataset
requires no further overall modification and a
CARMA-only dirty map can be immediately
constructed. For this preliminary map, we used
the complete set of visibilities from the region
mapped by CARMA but restricted to the ve-
locity range 0 to 16.7 km s−1. Velocity channel
widths are 0.25 km s−1 for 12CO(1-0), and 0.22
km s−1 for both 13CO(1-0) and C18O(1-0). For
each pointing in the mosaics, we adopted a cell
size of 2′′ and an image size of 95 cells, more
than twice the size of the synthesized beam
of the CARMA 6-m telescopes. These choices
were largely dictated by our imaging require-
ments, i.e., pixel size ∼ 1/5-1/3 × synthesized
beam; image size > 2 × field of view. Smaller
cell sizes or larger image sizes require consid-
erably more computing resources in terms of
memory and time. The resulting CARMA-
only dirty map was produced with the MIRIAD
invert task, adopting a robust number of 0.5
and options=mosaic,double.
By contrast, a few more steps are necessary to
prepare the modified and flux-corrected NRO45
visibilities for combination because we will work
on the entire NRO45 image cube in order to fill
the uv “hole” in the CARMA visibilities. First,
the NRO45 cube was converted from main-
beam temperature Tmb to flux density Sν us-
ing Equation 1. Then, we multiplied the new
cube by the flux scale factor (see section 3.1).
The maths task was used for the two steps.
Next, we regridded the NRO45 image cube to
match the pixel and channel numbers and sizes
of the CARMA-only preliminary dirty image,
and deconvolved it with the NRO45 beam (∼
22′′), using the MIRIAD command convol with
options=divide. The de-mosaic procedure de-
scribed in section 3.1 was then applied. In this
way, we obtain visibilities at each pointing of the
CARMA mosaic as if the observations had been
made with a set of randomly generated baselines
that follow a Gaussian distribution and mimic
the response of the NRO45 telescope.
The distribution of baselines was generated
using, hkuvrandom, a modified version of the
standard task uvrandom developed by J. Koda
in MIRIAD 4.3.8. In effect, a Gaussian distribu-
tion of uv points (baselines) with a standard de-
viation sdev is generated. This Gaussian is the
Fourier transform of the NRO45 primary beam
with a standard deviation of 3.5 kλ. Due to our
slightly larger effective primary beam, 22′′, this
is slightly smaller than the value (3.9 kλ) used
in Koda et al. (2011).
The total number of points generated by
hkuvrandom is given by the parameter Ntotal
(npoint in hkuvrandom). It depends largely
on the value assumed for the NRO45 visibil-
ity integration (tvis, inttime in hkuvrandom)
and on the requirement that the sensitivity per
pixel in uv space for NRO45 visibilities is sim-
ilar to that for CARMA in their uv overlap
range, 3-6 kλ (Koda et al. 2011). Following
Koda et al. (2011), we adopt tvis = 0.01 s. This
is sufficiently low to ensure that Ntotal is large
enough to fill the uv space. We adopted Ntotal ∼
3000. Due to the low sensitivity of NRO45 ob-
servations on baselines greater than 6 kλ, we
flagged such generated baselines before we ap-
plied the uvmodel MIRIAD command to the
de-mosaicked images and used the remaining
generated baselines to produce a visibility file
for each mosaic pointing. The file header for
each file was modified to include the NRO45
system temperature, the weighting parame-
ter jyperk (see Koda et al. 2011, equations
(14)(15)), and our arbitrary 2′ Gaussian pri-
mary beam (chosen to be larger than CARMA
primary beams). Finally, we merged all the
modeled NRO45 visibility files together to com-
bine with the CARMA visibilities.
Imaging of the combined data was carried
out with the Yale high performance computing
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(HPC) clusters, Grace and Farnam2. We pro-
duced a dirty cube of the joint CARMA and
NRO45 observations by Fourier transforming
the combined visibilities using the task invert.
This requires roughly 40 GB of memory. As be-
fore, we adopted a 2′′ pixel size, approximately
1/5-1/3 of the final beam size, and an image size
at each mosaic pointing of ∼ 95 pixels. The in-
vert process for the 12CO cube (∼ 2500×4300
pixels, 90 channels) took roughly 1 day and
2.5 GHz CPU. Each channel was cleaned sepa-
rately, using the mossdi2 task in MIRIAD. For
this procedure, each channel took up 1 CPU
and roughly 30 GB memory (less memory is
needed for channels with lower emission). All
channels can be cleaned simultaneously using
multiple CPUs. The cleaning process, with the
stopping threshold for clean set to 3 times the
RMS noise level, took at most one day for each
channel. The beam size and Position Angle,
channel width, and RMS noise per channel of
the resulting maps are given in Table 2.
Figure 1 shows the entire mosaic footprint
for the 12CO combined image overlaid on a
RGB false color image from Spitzer (Rob Guter-
muth, private communication). The footprints
of the 13CO and C18O combined images are pro-
gressively smaller (due to limited coverage in
NRO45 observations). Most importantly, all
the maps span slightly more than 2 degrees, or
about 14 pc, in declination and encompass a va-
riety of well-known star-forming regions in the
Orion cloud.
Figure 2, a comparison of the 12CO peak in-
tensity maps of a sub-region in the Central
Orion box (see Figure 1) based on NRO45,
CARMA, and the combined NRO45+CARMA
datasets demonstrates the effectiveness of com-
bining single dish and interferometer observa-
tions. The 19′ x 18.7′ (2.21 x 2.17 pc) maps
2 https://research.computing.yale.edu/
services/high-performance-computing
Table 2. Final sensitivity
Transition Beam PA ∆V σK
(deg) (km s−1) (K)
12CO(1-0) 10′′ × 8′′ -13 0.25 0.86
13CO(1-0) 8′′ × 6′′ 10 0.22 0.64
C18O(1-0) 10′′ × 8′′ -0.4 0.22 0.47
Note—The RMS per channel shown in the last
column is the median value across the relevant
cube.
are centered on the dense part of the Orion
Nebula Cluster (a.k.a., the Huygens Region,
which hereafter we denote as ONC) and the
Orion KL regions at R.A. 05h35m26.s6, DEC.
−05◦20′44.9′′. There is a dramatic improve-
ment in the image quality after the CARMA
and NRO45 data are combined, with consider-
ably more detailed structure visible over the ex-
tended sub-region. It is worth noting that, over
this sub-region, CARMA recovers only about
20% of the NRO45 detected flux.
3.3. Using ∆-variance analysis to verify data
A ∆-variance analysis (Stutzki et al. 1998;
Ossenkopf et al. 2008) can also provide confi-
dence in the quality of the final emission line im-
ages. Such analysis readily reveals peculiarities
and artifacts in the spatial distributions and,
at the same time, can characterize the global
scaling behavior and prominent spatial scales
in the maps. In principle, the ∆-variance spec-
trum measures the relative amount of structure
on a given scale s by convolving the map be-
ing considered with a radially symmetric top-
down wavelet of that scale and computing the
variance of the convolved map as a function of
s. Each data point can be weighted by a sig-
nificance value before selecting the statistics to
be examined, e.g., variable noise in the data.
Stutzki et al. (1998) have shown that for rect-
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Figure 1. The footprint of the 12CO CARMA-NRO Orion map (green solid lines) overlaid on an
Spitzer/IRAC false color RGB image based on 8µm (Red), 4.5µm (Green), and 3.4µm (Blue) observa-
tions. White dashed lines designate four regions of interest (Feddersen et al., submitted) that will be used
in Section 4.2.
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NRO45 CARMA NRO45+CARMA
Figure 2. Sample comparison between NRO45, CARMA and combined maps. (Left:) 12CO peak intensity
maps from NRO45, (Middle:) CARMA, (Right:) and the combined CARMA+NRO45 datasets. All panels
show the same 19.0′ by 18.7′ (2.21 pc by 2.17 pc) area centered around the ONC and Orion KL region and
includes the Orion Bar. The increased sharpness of the extended images when the CARMA observations
are combined with those from NRO45 is immediately clear.
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Figure 3. ∆-variance spectra for the 12CO(1-
0), 13CO(1-0), and C18O(1-0) integrated inten-
sity maps from NRO45 and from the combined
(CARMA+NRO45) dataset. On the x-axis, the lag
indicates the scale measured by the wavelet size.
The y-axis displays the variance of the structural
fluctuations at each value of x in units of the square
of the measured map. The vertical dotted line in-
dicates the NRO45 beam size
.
angular maps with equal weights of all points
the ∆-variance spectrum is equivalent to the
power spectrum; the slope, d, of the ∆-variance
spectrum corresponds to a power spectral slope
β = d− 2.
∆-variance analysis can also be applied to
maps with irregular boundaries and data with
variable uncertainties (Ossenkopf et al. 2008)
to obtain statistics on the size dependence of
all structures in the map. Here, we applied
the analysis to the integrated intensity maps for
each spectral line and also to maps of the inten-
sity in the central velocity channel at v = 8.8 km
s−1. For our statistical analysis we weighted
each data point by the inverse RMS noise in
the 16 channels at the velocity boundaries of
the cubes.
Figure 3 shows the ∆-variance spectra for
the integrated intensity maps. Figure 4 shows
the corresponding spectra for the channel maps.
Both demonstrate that combining NRO45 and
Figure 4. ∆-variance spectra for maps of the
central velocity channel intensity (v = 8.8 km s−1
with channel width ∆v = 0.25 for 12CO, and 0.22
km s−1 for 13CO and C18O.
CARMA data introduced no obvious artifacts
in the 12CO and 13CO maps. Both cubes show
a perfect power law at scales around 22′′ the ef-
fective NRO45 beam size. For C18O, the agree-
ment was not as good. In addition, the ∆-
variance spectrum displays a peak at about 25′′
and an inspection of the C18O map indicates
the presence of granular structure on that scale.
Both results are likely attributable to overall
lower signal-to-noise in the C18O maps, greater
noise in the NRO45 maps than in CARMA
maps, and accompanying issues with the clean-
ing process.
At lag scales below 0.13′ (8′′) the ∆-variance
spectra of all maps are dominated by the nat-
ural limitations of the CARMA observations.
Since the major axis of the synthesized CARMA
beam is about 8′′, structures with smaller sizes
will be blurred, reducing their contribution
to the ∆-variance spectrum. In contrast, ∆-
variance spectra tend to increase at the small-
est lags since the small-scale spectrum is dom-
inated by observational noise that introduces
excess power. This effect is particularly rele-
vant to the central velocity channel maps where
the relative noise is higher than in the inte-
grated intensity maps. The impact of the finite
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telescope beam can be seen when the spectra
for the full combined data set is compared with
that obtained from the NRO45 maps at the
22′′ resolution. Structural variations on scales
up to about three beam widths are suppressed
in the absence of the CARMA observations as
expected from computations by Bensch et al.
(2001). At larger scales the ∆-variance spec-
tra show no resolution dependence. Likewise,
smoothing the full data set to the resolution of
the 45m telescope data reproduced the spectra
obtained from the single-dish maps.
4. RESULTS
4.1. Gas Distribution
Figures 5, 6, and 7 show the integrated in-
tensity maps3 for 12CO(1-0), 13CO(1-0), and
C18O(1-0), respectively, over the velocity range
2.5 to 15 km s−1. As already noted, the maps
span about 2 degrees in declination and encom-
pass a range of star-forming regions. Each ex-
tends from OMC-3 and OMC-2, at declination
∼ -5◦, to the V380 Ori Group (NGC 1999) and
the L1641-C region at nearly ∼ -7◦. Several
well-known regions are labeled. The relatively
noisy patches that are noticeable around R.A.
05h33m25.s0, particularly in the 12CO(1-0) map,
are due to limited NRO45 observing time and
resulting lower sensitivity. Other widespread,
complex structures can also be seen. Some of
these have been studied extensively but many
have barely been mentioned in the literature.
Since we expect numerous detailed studies and
analyses will follow our dissemination of this
data, we draw attention to only a few highlights
of the new maps here.
The ONC is probably the most studied region
in the Orion A cloud (e.g., Figure 1 of Mein-
gast et al. 2016). Not surprisingly, it appears as
3 These and most other maps in
this paper are available online at:
https://dataverse.harvard.edu/dataverse/CARMA-
NRO-Orion
one of the most dramatic regions in all three of
our molecular line maps. In particular, the area
enclosing the ONC is clearly seen as a cavity in
the gas distribution, presumably due to clearing
of molecular gas in the HII region that is pow-
ered by high-mass stars in the associated cluster
(O’Dell et al. 2017). The cavity itself is bounded
by the bright edges that are expected when ion-
ization/dissociation fronts interact with the sur-
rounding molecular cloud. The brightest edge,
to the south-east, is commonly referred to as
the Orion Bar (see, e.g., Pellegrini et al. 2009;
Goicoechea et al. 2017). Another cavity in the
molecular gas distribution is visible north of the
ONC. This is produced by the HII region, M43
(Thum et al. 1978; Shimajiri et al. 2011, 2013).
Further north, our maps show the molecu-
lar gas associated with the OMC-2 and OMC-3
star-forming regions. These host a wealth of
phenomena associated with early star forma-
tion and include protostars and outflows in a
range of evolutionary states. (Shimajiri et al.
2008, 2009; Megeath et al. 2012; Stutz et al.
2013; Lo´pez-Sepulcre et al. 2013). Immediately
to their west, a region of significantly lower in-
tensity is particularly noticeable in the 13CO
map (Figure 6). This is bounded on its far side
by a prominent arc of emission that continues
southwards to OMC-4, suggesting the presence
of an extended cavity-like structure. A simi-
larly elongated, lower intensity region is seen
to the southeast of the ONC and Orion Bar.
This depression is bounded on the east by struc-
tures that have the appearance of irradiated and
elongated globules or pillars with bright edges.
They can be discerned more clearly in the zoom-
in inset in Figure 5, and appear to be point-
ing towards the ionizing stars of the ONC, con-
sistent with photo-erosion by the UV-radiation
emanating from the massive stars in the region.
One of the most striking structures in the
Orion A cloud is the so-called integral-shaped
filament (ISF) first seen in lower resolution
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Figure 5. 0th-moment (integrated intensity) map of the 12CO(1-0) emission over the velocity range 2.5
to 15 km s−1. No intensity clipping has been applied. The color bar on the right provides the square root
intensity scale in units K km s−1. A zoom-in view of the Pillars is displayed in the inset. Noisier patches
seen near R.A. 05h33m25.s0 at various declinations result from limited NRO45 observing time. The blue
curve is the cut for the PV diagram defined in Section 4.2. The blue dots indicate 3′ intervals along the
curve.
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Figure 6. As Figure 5 but for 13CO(1-0) emission.
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Figure 7. As Figure 5 but for C18O(1-0) emission.
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maps (Bally et al. 1987). In Figure 5 this struc-
ture is also detected and stretches about 1◦ from
north to south (DEC -5◦ to DEC ∼ -6◦). As we
discuss below, considerable filamentary struc-
ture, on a variety of scales, is especially clear
in our 13CO maps covering different velocity
ranges and will provide a wealth of informa-
tion for comparison with numerical simulations
of molecular clouds (e.g., Suri et al., in prep.).
The L1641 cloud lies (see Allen & Davis 2008)
at the south end of our maps. Our maps en-
compass the gas associated with the L1641-N
and NGC 1999 clusters, while their southern
border coincides with the northern outskirts of
the L1641-C cluster. This region of the Orion
A cloud harbors no high-mass stars but a few
intermediate-mass objects are present, as are
several groups of young low-mass stars. Again,
there is considerable potential for a wide range
of star formation studies (e.g., Arce et al., in
prep.).
4.1.1. Cloud structure from ∆-variance analysis
The ∆-variance spectrum of the integrated in-
tensity 13CO map (Figure 3) is an almost per-
fect power law spectrum over all scales from
20′′ to 7′. The slope is 1.1, corresponding to
a power spectral index β = 3.1. At larger scales
the spectrum becomes shallower, indicating a
relative lack of structure. For the correspond-
ing channel map (Figure 4), the inertial range
starts only at 25′′ due to effects of higher noise,
while the power-law slope is somewhat shal-
lower, β = 3.0 (see discussions in Kowal et al.
2007; Burkhart et al. 2013). Similarly, the in-
tegrated intensity map peaks at about 2.5 pc
but the channel map shows a peak at a scale of
1.5 pc (10′ corresponds to ∼ 1 pc at a distance
of 400 pc). The C18O maps show the same qual-
itative behavior, with somewhat smaller scales,
1.8 and 1.0 pc, implied. However, the slope can-
not be measured precisely due to higher noise
and imaging artifacts. We therefore describe
the structure as self-similar at scales up to 0.8 pc
and note a relative lack of structure at increas-
ingly larger scales, with only the ISF at the scale
of the map.
Applying the same arguments to the channel
map spectra of Figure 4 enables us to determine
the maximum size of velocity-coherent struc-
tures in our datasets. While on large scales, the
contributions of individual filaments can com-
bine to present the appearance of extended,
connected structure, our measurements of op-
tically thin lines show that such connections do
not always hold in velocity space. The steeper
spectrum for our integrated intensity maps is
consistent with a positive size-linewidth relation
creating relatively brighter structures at larger
scales when integrating over the full velocity
profile.
At scales above 2-3′, the 12CO data follows
the same trend as 13CO, showing a short power-
law slope with the same exponents. However,
for 12CO, the peaks of the ∆-variance spectra
in Figures 3 and 4 are shifted to even larger
scales of 2.8 and 2.4 pc, respectively, as might
be expected in view of the higher optical depth
and the sensitivity to somewhat more extended
emission. In addition, both maps show a rel-
ative excess of structure at a scale of about
1′, corresponding to 0.1 pc. This is seen as
a prominent bump in the 12CO integrated in-
tensity spectrum. The bump in this optically
thick line is most likely attributable to the pres-
ence of large velocity gradients and line widths
in the contributing regions. The most promi-
nent broad line region in our maps is Orion KL,
followed by some structures south of the Orion
Bar. All are approximately 1′ in size. It is worth
noting that if a region of a few arcmin around
Orion KL is masked out, the strength of the
bump in the ∆-variance spectra is reduced by
75%. The combination of all ∆-variance spectra
is thus consistent with a large-scale turbulent
cascade that is locally modified by dynamical
feedback at a scale of about 0.1 pc (1′).
CARMA-NRO Orion Survey 19
4.2. Gas Kinematics
As a first step in understanding the large-
scale kinematics of the Orion-A cloud, we cre-
ated false color images of the integrated inten-
sity maps for 12CO(1-0) and 13CO(1-0) by lim-
iting the integration velocities to three broad
ranges, 9.8 - 12.1 km s−1 (Red), 7.3 - 9.6 km s−1
(Green), and 4.8 - 7.1 km s−1 (Blue) and com-
bining the resulting maps. These RGB 12CO(1-
0) and 13CO(1-0) images are presented in Fig-
ures 8 and 9, respectively, and provide broad
kinematic information not discernible in the
maps in Figures 5 and 6. As before, the in-
tensity scale is in units of K km s−1. The most
impressive feature in both maps is the large-
scale, north-south, velocity gradient across the
length of the cloud, However, it is not clear if
the gradient is smooth or merely the result of
overlapping clouds along the line of sight.
Due to strong contributions from all three ve-
locity ranges to the 12CO(1-0) emission, the
∼ 6′ radius area around ONC appears white
in Figure 8. This area coincides with the very
active OMC-1 region, where a wide range of
velocities results from the entrainment of the
molecular gas by powerful outflows, especially
those associated with the BN/KL objects (Bally
et al. 2017). The two areas of anomalously
blue emission seen in the otherwise red-velocity
dominated region just north of OMC-1 can also
be explained in light of previous studies. The
northernmost appears to be associated with the
Northern Ionization Front (NIF) (Berne´ et al.
2014), presumably where the foreground molec-
ular cloud material and the front of the Orion
Nebula HII region interact. Green and orange
diagonal striations northwest of OMC-1 imply
strong feedback effects from the outflow sources
in OMC-1.
The strong red emission observed immediately
south-southeast of the ONC is consistent with
the long-standing hypothesis that this feature
results from the interaction between the far side
of the expanding Orion Nebula HII region and
the molecular cloud (Loren 1979; Berne´ et al.
2014). The irradiated pillar-like globules noted
in Figure 5 to the south and southeast of the
ONC, appear as green and blue velocity fea-
tures in Figures 8 and 9. They are thought
to be primarily in the “Dark Lane South Fil-
ament” (DLSF) on the near side of the cloud
(Rodriguez-Franco et al. 1998; Shimajiri et al.
2011, 2013). Similar mixtures of blue and green
emission are seen in the L1641 cloud and in the
southern part of the ISF. Nakamura et al. (2012)
have proposed that a cloud-cloud collision in
the area triggered the formation of the filaments
and initiated star formation in L1641-N cluster.
Velocity channel maps from our combined
data cubes, reveal the complex kinematics of
Orion A in considerable detail. Figures 10,
11, and 12, display sample channel maps for
12CO(1-0), 13CO(1-0), and C18O(1-0), respec-
tively. Movies showing channel maps over the
full bandwidth for each cube are linked to the
online versions of these figures. Complete chan-
nel maps for all three cubes at full velocity
resolution are presented in appendix A. Fea-
tures clearly visible in these maps include the
clumpy structure at various velocities in the
L1641 region, the high-velocity gas from the
Orion KL (OMC-1) explosive outflow and vari-
ous filaments in the OMC-2/3 region.
The north-south velocity shift seen in the
RGB maps of Figures 8 and 9 can also be traced
by considering the molecular line emission at
various positions across the Orion A cloud. Fig-
ure 13 shows the averaged spectral line pro-
files for 12CO(1-0), 13CO(1-0), and C18O(1-0)
for the four regions of the cloud defined in Fig-
ure 1. As expected, the velocity of the peak
intensity for each CO species shifts from ∼ 11
km s−1 to 7.5 km s−1, moving from north to
south in the cloud, consistent with the large-
scale change in velocity seen in the RGB maps.
The double-peaked lines seen in the L1641 ”re-
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Figure 8. RGB false color image of velocity-limited, integrated intensity maps for 12CO(1-0). Integration
ranges and colors are: 4.8 - 7.1 km s−1 (blue); 7.3 - 9.6 km s−1 (green); 9.8 - 12.1 km s−1 (red).
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Figure 9. As Figure 8 but for 13CO(1-0). The three integration ranges and colors are: 4.8 - 7.1 km s−1
(blue); 7.3 - 9.6 km s−1 (green); 9.8 - 12.1 km s−1 (red).
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Figure 10. Channel maps for 12CO(1-0) between 7.56 and 10.31 km s−1. The color bar to the right is a
square root scale in units of K. A channel map movie, including all channels, is available online. Figure 26,
in the Appendix, shows all channel maps.
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Figure 11. As Figure 10, but for the 13CO(1-0) emission. A channel map movie, including all channels,
is available online. Figure 27, in the Appendix, shows all channel maps.
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Figure 12. As Figure 10, but for the C18O(1-0) emission. A channel map movie, including all channels,
is available online. Figure 28, in the Appendix, shows all channel maps.
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Figure 13. Averaged profiles for 12CO(1-0) (Left), 13CO(1-0) and (Middle), and C18O(1-0) (Right) in the
four areas of the Orion A cloud shown in Figure 1. The line profiles were constructed for each separate
region by averaging the intensities in each velocity channel. Different intensity scales are required for each
molecular species but the velocity scale is the same for all. Vertical dashed lines mark the velocity of peak
emission in each case.
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gion” have been noted previously and gave rise
to the cloud-cloud collision scenario suggested
by Nakamura et al. (2012).
The overall north-to-south shift in velocity
can also be seen in our 1st-moment maps for
12CO(1-0), 13CO(1-0), and C18O(1-0), Figures
14, 15, and 16, respectively. Again, the north-
ern part of the cloud is preferentially redder,
indicating higher velocities, while the southern
part is, for the most part, blue and at lower ve-
locities. The origin of the gradient has been dis-
cussed at length in the literature but is not yet
fully understood. To date, explanations put for-
ward include rotation, filament expansion, and
global collapse (Allen & Davis 2008, and refer-
ences therein). The high resolution, high sen-
sitivity CARMA-NRO Orion dataset presented
here offers a new opportunity to test every hy-
pothesis in detail over the requisite extended
scales.
In addition, these 1st-moment maps present,
in much more detail, the variation in velocity
with position in the cloud, over the entire ve-
locity integration range, 2.5 to 15 km s−1. Like
the maps of gas distribution, they show inter-
esting features, often noted by earlier focused
studies, in a larger-scale context, Among these,
is a distinctive elongated blue field to the west
of OMC-1 in Figure 14. This coincides with the
location of the Kelvin-Helmholtz “ripples” that
are thought to be in the foreground of the ONC
(Berne´ et al. 2010). Likewise, in Figure 16 there
appears to be a velocity gradient along the short
axis of the filament below OMC-4, similar to
that seen in simulations of C18O(1-0) emission
from a filament in a turbulent cloud by Smith
et al. (2016). These authors attributed the gra-
dient to the filament moving across the cloud
as a coherent velocity front, corresponding to
one of the large scale modes in a turbulent cas-
cade. Given the results of our delta variance
analysis, it is tempting to suggest that a similar
mechanism may be at work here. More impor-
tantly, this highlights yet again, the potential
impact of our new survey on the understanding
of large-scale processes in molecular clouds.
Interesting features in Figure 14 include sev-
eral prominent bipolar outflows. They are no-
ticeable because the velocities of the outflowing
molecular gas differ significantly from the sys-
temic cloud velocity in their neighborhoods, in-
creasing the contrast with the cloud. The effect
is most easily seen in the Figure 14 insets. In the
southern part of the cloud, elongated deep blue
outflow lobes contrast with cyan/light green re-
gions. In the north, extended red/yellow lobes
contrast with light/green structures. Identified
examples of bipolar outflows in the map in-
clude V380 Ori-N (Davis et al. 2000), L1641-N
(Stanke & Williams 2007), and OMC-2/3 MMS
9 (e.g., Takahashi et al. 2008). There are cer-
tainly many more outflows in the region (see,
e.g., Williams et al. 2003; Takahashi et al. 2008;
Nakamura et al. 2012). However, if these are
low-intensity emission, with velocities similar
to the systemic value, or are small or unipo-
lar, they will be difficult to detect in the first
moment map.
Signposts of feedback can also be detected
in maps that display the variation of velocity
dispersion across the Orion A cloud. These
are provided in second moment maps of 12CO,
13CO, and C18O in Figures 17, 18, and 19, re-
spectively. For the most part, all three maps
show a smooth distribution, with dispersions
mostly between 0.5 to 1.5 km s−1 but occasion-
ally reaching 2 km s−1). The highest values co-
incide with the Orion KL region and are likely
attributable to the high-velocity explosive out-
flow (Bally et al. 2017). Significantly high ve-
locity dispersions are also noticeable in the re-
gion around the ONC characterized as the “shell
around Orion-KL” (Shimajiri et al. 2011), and
may be due to feedback effects from ONC re-
gion and overlapping line-of-sight velocity com-
ponents. In Figure 17, high velocity dispersions
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Figure 14. First moment map showing the variation of peak 12CO(1-0) velocities between 2.5 and 15
km s−1 as a function of position in the Orion A cloud. Only emission above 5σ is used to produce the map.
The color bar to the right is a linear scale in units of km s−1. Insets show zoom-in views of three interesting
outflows.
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Figure 15. As Figure 14, but for the 13CO(1-0) emission.
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Figure 16. As Figure 14, but for the C18O(1-0) emission.
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Figure 17. Second moment map of the 12CO(1-0) emission over the velocity range 2.5 to 15 km s−1
showing the variation of the velocity dispersion of 12CO. Only emission above 5σ is used to produce the
map. The color bar has a square root scale with units of km s−1.
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Figure 18. As Figure 17, but for 13CO(1-0).
32 Kong et al.
5h33m00.00s34m00.00s35m00.00s36m00.00s37m00.00s38m00.00s39m00.00s
RA (J2000)
-7°00'00.0"
30'00.0"
-6°00'00.0"
30'00.0"
-5°00'00.0"
De
c 
(J2
00
0)
2nd-moment C18O(1-0)
Fingers
Pillars
Orion KL
ONC
KH Ripples
OMC1
Orion Bar
OMC2
OMC3
OMC4
NGC1999
L1641-N
L1641-C
2 pc
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
km
 s
1
Figure 19. As Figure 17, but for the C18O(1-0).
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are also associated with molecular outflows in
NGC 1999, L1641-N, and OMC-2/3.
Another way to examine how gas kinemat-
ics change with location in the cloud relies on
position-velocity (PV) diagrams for the regions
of interest. As an example, in Figures 20, 21,
and 22, we show the 12CO, 13CO, and C18O PV
diagrams along the ISF. The blue curve in Fig-
ure 5 defines the PV cut. A large blue dot at
the position of the Orion KL represents the ref-
erence position (RAJ2000 = 5
h35m13.s0, DECJ2000
= 5◦22′05.′′0). Positive offsets are toward the
north. We extract a beam-averaged spectrum
every 3′′ along the PV cut. The velocity reso-
lution in the PV diagrams for each cube are as
given in Table 2.
The broad velocity spread at the the refer-
ence position is prominent in all three PV di-
agrams, but especially in Figure 20, and re-
flects the high-velocities of the explosive out-
flow known to be present in the Orion KL re-
gion (Bally et al. 2017). Other high-velocity
spikes can be discerned in Figure 20, at offsets
16′, 12′, and -37′, for example, and are likely
due to bipolar outflows. A bubble-like structure
at offset -10′ in Figures 21 and 22 is probably
associated with the “shell around Orion-KL”
mentioned earlier. The overall sinusoidal shape
present in our PV diagrams is very intriguing.
Stutz & Gould (2016) and Schleicher & Stutz
(2018) proposed the slingshot model in which
the gas is oscillating, ejecting protostars, in an
auto-destructive cycle that ultimately results in
cluster formation. The observed morphology in
our PV diagrams is strongly reminiscent of such
a wave-like motion. However, the exact nature
of this wave remains unclear. Our observed sig-
nature is inconsistent with a propagating wave
because this would require that the maximum
displacement corresponds to the minimum ve-
locity, in contradiction with Figures 20,21,22.
These figures show that the maximum displace-
ment coincides with the position of maximum
velocity, most clearly seen in the OMC-2/3 re-
gions, located near offset 20′. Waves of other
types (such as standing or torsional) may bet-
ter explain the data. Further analysis is needed
for the types of instabilities that may give rise
to our observed PV diagram morphology (e.g.,
Schleicher & Stutz 2018). This is one exam-
ple where the data presented here could be use
to constrain models of different kinds of pro-
cesses in molecular cloud, and underlines the
vast reservoir of kinematic information that be-
comes available with the CARMA-NRO survey.
Overall, the results provide an unprecedented
opportunity for increasing our understanding of
energetic phenomena in star forming clouds.
5. DISCUSSION
5.1. Gas Excitation Temperature
Measurements of the excitation temperature
and column density of the molecular gas across
the Orion A cloud are critical to interpreting the
results presented thus far. Figure 23 shows the
variation of excitation temperature, Tex, across
the mapped area of the Orion cloud. Values
of Tex were determined from the peak inten-
sities of the 12CO(1-0) line in velocity space,
Tmax(
12CO), assuming the line is optically thick.
Following Pineda et al. (2008), we use
Tex =
5.5 K
ln{1 + 5.5 K/[Tmax(12CO) + 0.82 K]} .
(2)
Maximum and minimum derived values for Tex
in the map are 220 K and 2.8 K, respectively,
with a mean of 43.6 K and a median value of
41.2 K. As a check, we compared our derived
excitation temperatures with those derived from
the IRAM 30m 12CO(2-1) map by Berne´ et al.
(2014) that covers the region from OMC-3 in the
north to just south of OMC-4. The combined
CARMA+NRO45 map was smoothed to the ∼
11′′ resolution of the IRAM 30m map and Tex
estimated from peak intensity of the line at each
position. Within the inner quarter of the IRAM
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Figure 20. Position-velocity diagram of the 12CO(1-0) emission along the ISF (see Figure 5). The
reference (offset = 0) position coincides with the position of Orion KL, with positive offsets to the north.
The gray-scale bar is linear and in units of main-beam temperature (K).
30m map, with the best signal to noise ratio,
most values coincide within 35%.
The excitation temperature distribution in
Figure 23 shows a number of trends. At the
northern boundary of the map, in effect the
northern edge of OMC-3, temperatures range
from 80 to 110 K. It is likely that these rel-
atively high temperatures result from the in-
teraction of ionizing photons from the NGC
1973/1975/1977 H II region beyond the map
boundary. Moving south towards OMC-2 along
the ISF, temperatures first decrease (Tex ∼ 60
K) but rise again to the west of M43 H II
region. The highest temperatures are in the
OMC-1/Bar region and are usually around 170
K, but can reach 220 K. These values are consis-
tent with estimates of the gas kinetic tempera-
ture in the OMC-1 and Bar region derived from
para-H2CO line ratios (Tang et al. 2018), and
also with excitation temperatures derived from
observations of CO(6-5) (Peng et al. 2012) and
CO(9-8) (Kawamura et al. 2002).
Southeast of the ONC, in the Pillars region,
Tex always increases towards the tips of these
structures closer to the ONC, consistent with
heating by the UV-radiation from its high-mass
stars. South of the ONC, temperatures con-
tinue to decrease along the ISF as the distance
from the new high-mass stars increases, reach-
ing about 50 K at the southern edge. Further
south, average temperatures remain relatively
stable. For example, in L1641, values of 30
to 40 K are seen in the eastern region, and 40
to 50 K in the west. These are relatively high
temperatures compared to low-mass star form-
ing regions such as Perseus and Taurus, where
Tex ∼ 10−20 K (Pineda et al. 2008, 2010). The
enhancement is probably the result of CO trac-
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Figure 21. As Figure 20, but for 13CO(1-0).
ing the warm surface of the cloud that is heated
by the many relatively nearby OB stars.
5.2. Gas Column Density
The column density of gas, N13, was deter-
mined from our 13CO(1-0) data, assuming the
excitation temperatures derived for 12CO(1-0).
Following Pineda et al. (2008), 13CO optical
depths, τ13, were calculated at each pixel.
13CO
column densities, N13, were then calculated as
described in Bourke et al. (1997), for those pix-
els where the SNR exceeded 3. If the regions
probed by 13CO(1-0) emission are cooler than
the surface areas probed by 12CO, the abso-
lute column densities of 13CO will be underes-
timated. However, the overall variations across
the map will be relatively unaffected. For most
pixels, the emission is optically thin. Only
about 0.6% of the pixels have τ13 > 1 and these
are mostly in the OMC-2/3 and L1641-N re-
gions.
The resulting column density map is shown in
Figure 24. Values of N13 range from 2.1×1014
cm−2 to 3.2×1018 cm−2. The mean is 6.5×1016
cm−2 and the median is 3.9×1016 cm−2. The
highest values of N13 are seen in the OMC-1
and Bar regions, with values of approximately
0.8 − 3×1018 cm−2. Relatively high values of
the column density, 2 − 5×1017 cm−2, are also
evident in the OMC-2 and OMC-3 regions of
active star formation, and column densities of
1 − 3×1017 cm−2 characterize the ISF south of
the ONC. The L1641 region, south of -6◦10′,
show relatively low column densities of about
1017 cm−2, and there are noticeable increases to
2−3×1017 cm−2 in the L1641-N and NGC 1999
clusters.
5.3. The 12CO(1-0)/13CO(1-0) line ratio
In our maps, 12CO(1-0) is usually optically
thick and thus more sensitive to the line width
and turbulence in the observed gas. By con-
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Figure 22. As Figure 20, but for the C18O(1-0).
trast, 13CO(1-0) is in general optically thin (sec-
tion 5.2) and more sensitive to column density
variations (Pineda et al. 2008). The 12CO to
13CO ratio can therefore provide indications of
the physical state of the molecular gas. Figure
25 shows the variation in the ratio of 12CO(1-
0) integrated intensity, hereafter W (12CO), to
that of 13CO(1-0), hereafter W (13CO), across
the mapped region of the Orion A cloud. Pixels
with SNR < 5 in the integrated intensity maps
of Figures 5 and 6 are masked (white). The
same integration range, (2.5 to 15 km s−1) was
used for both the 12CO and 13CO cubes. Factors
contributing less dramatically to W (12CO) and
W (13CO) include the CO abundance and the
gas excitation. Excitation is regulated by gas
volume density so that low densities can lead
to sub-thermal excitation, while at low tem-
peratures, CO depletion can reduce the gas-
phase abundance and resulting emission inten-
sity. In relatively unshielded regions dissocia-
tion by FUV radiation can also reduce the abun-
dance.
In Figure 25, values of theW (12CO)/W (13CO)
ratio are < 6 across most of the cloud, includ-
ing the major ISF filament. In some regions the
ratio can be as low as ∼ 2 (e.g., OMC-3, OMC-
4, L1641-N, NGC 1999). A comparison with
Figures 6 and 24 shows strong 13CO emission
consistent with high column densities in these
same regions. Overall the trends are qualita-
tively similar to those noted by Pineda et al.
(2008) in Perseus.
By contrast, much higher ratios (∼ 15) are
found in the PDR regions to the east of ONC
and OMC-4 where the photo-eroded pillars are
located. Other high ratio regions include the
area north-west of the “Fingers” and south-
east of NGC 1999. These are probably due to
the combination of radiative transfer, selective
photo-dissociation, and chemical fractionation
that is also seen in the Orion B cloud (Pety
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Figure 23. Excitation temperature Tex map derived from
12CO(1-0) peak intensity. The color bar is in
square root scale with units of K.
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Figure 24. A map of the 13CO column density, N13, for the Orion A cloud. Units are 10
18 cm−2.
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Figure 25. Map of the ratio of 12CO(1-0) to 13CO(1-0) integrated intensities in the Orion A cloud. Masked
areas (white) indicate pixels in the maps of Figures 5 or 6 where SNR < 5.
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et al. 2017). A transition border (∼ 10) from
low ratios to high ratios can be seen surround-
ing the high column density gas, indicative of
selective photodissociation (e.g., Shimajiri et al.
2014; Kong et al. 2015). A full understanding
of gas excitation and dissociation at both large
and small scales will require synthetic observa-
tions based on simulations that include radia-
tive feedback and chemistry.
6. SUMMARY
In this paper, we present the results obtained
by combining new CARMA 12CO(1-0), 13CO(1-
0), and C18O(1-0) molecular line observations
of an extended area of the Orion A cloud with
complementary NRO45 measurements of the
same region. The footprint spans about 2 de-
grees in declination and reaches from OMC-3
and OMC-2 regions in the north to the NGC
1999 and L1641-C complex in the south. In par-
ticular, we provide practical details of our data
combination methods, and describe our checks
on the effectiveness and accuracy of our pro-
cesses. We find that over a carefully defined
range, the observed CARMA and NRO45 fluxes
can be matched using a scale factor of 1.6. Like-
wise, a ∆-variance analysis on the product im-
ages show no artifacts due to the data combi-
nation.
The breadth of the information on star for-
mation phenomena and processes that can be
derived from the combined data sets is very ob-
vious in the images shown. Integrated inten-
sity maps of 12CO(1-0), 13CO(1-0), and C18O(1-
0) emission display a range of structures typ-
ical of every stage of early stellar evolution.
Channel maps and images of velocity variations
across the cloud indicate an overall large-scale
velocity gradient from north to south. In ad-
dition, the different structures identified in the
molecular line intensity maps often have partic-
ular kinematic signatures. The potential scope
and detail for kinematic studies is illustrated
by position-velocity diagrams of the Orion ISF
feature. Maps of excitation temperature and
column density trace physical properties of the
Orion A cloud as a whole and of individual fea-
tures by themselves, and in the context of the
larger cloud environment.
Perhaps most importantly, by successfully
combining high resolution interferometer maps
with lower resolution single-dish observations
of the Orion A cloud we have produced molec-
ular line images of an extended star-forming
cloud with unprecedented detail. Studies
of filaments, feedback processes, and cloud-
scale star formation laws are already under-
way using these maps. There is a wealth of
information to be tapped from these data.
Maps presented here are currently available
[https://dataverse.harvard.edu/dataverse/CARMA-
NRO-Orion] and we anticipate making all three
combined Orion A data cubes publicly available
within 18 months.
Software: Astropy (Astropy Collaboration
et al. 2013), Numpy (van der Walt et al. 2011),
APLpy (Robitaille & Bressert 2012), Matplotlib
(Hunter 2007)
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APPENDIX
A. CHANNEL MAPS.
Fig. Set 26. 12CO(1-0) channel maps.
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Figure 26. 12CO(1-0) channel maps from Vlsr = 7.56 to 10.31 km s
−1. The complete figure set (6 images)
is available in the online journal.
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Fig. Set 27. 13CO(1-0) channel maps.
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Figure 27. 13CO(1-0) channel maps from Vlsr = 7.52 to 9.94 km s
−1. The complete figure set (6 images)
is available in the online journal.
46 Kong et al.
Fig. Set 28. C18O(1-0) channel maps.
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Figure 28. C18O(1-0) channel maps from Vlsr = 7.52 to 9.94 km s
−1. The complete figure set (6 images)
is available in the online journal.
